Cortical afferents to the basal ganglia, and in particular the corticostriatal projections, are critical in the expression of basal ganglia function in health and disease. The corticostriatal projections are topographically organized but also partially overlap and interdigitate. To determine whether projections from distinct cortical areas converge at the level of single interneurons in the striatum, double anterograde labeling from the primary motor (M1) and primary somatosensory (S1) cortices in the rat, was combined with immunolabeling for parvalbumin (PV), to identify one population of striatal GABAergic interneurons.
The basal ganglia are a group of subcortical nuclei that are intimately involved in the control of movement. One of their major roles is to integrate sensory, motor, associative, and limbic information in the production of context-dependent behaviors (Graybiel, 1990 (Graybiel, , 1995 . Anatomical and physiological data suggest that cortical information transmitted to the basal ganglia via the corticostriatal projection is channeled into parallel functional circuits that remain segregated at each level of the corticobasal ganglia-thalamo-cortical loops (Alexander et al., 1986 DeLong, 1990; Hoover and Strick, 1993; Parent and Hazrati, 1995; Middleton and Strick, 2000) . In addition to this organization underlying "parallel processing", the possibility for integration of diverse information within, and between, these loops also exists (Nauta and Domesick, 1984; Francois et al., 1987; Flaherty and Graybiel, 1991 Parthasarathy et al., 1992; Graybiel, 1995; Beiser et al., 1997; Maurin et al., 1999; Haber et al., 2000; Hoffer and Alloway, 2001; Kolomiets et al., 2001) . Indeed, anatomical substrates that may underlie the integration of diverse information within the basal ganglia at the synaptic level have been identified (Somogyi et al., 1981b; Bevan et al., 1996 Bevan et al., , 1997 . For instance, neurons of the substantia nigra pars compacta that project to the dorsal (motor and associative) striatum receive synaptic input from neurons located in the ventral (limbic) striatum (Somogyi et al., 1981b) . Similarly, although there is a clear topography of the caudal projections of the ventral pallidum (limbic) and the globus pallidus (motor and associative), there are regions of overlap in the substantia nigra, subthalamic nucleus, and entopeduncular nucleus where synaptic convergence of the two divisions of the pallidal complex occurs at the single cell level (Bevan et al., 1996 (Bevan et al., , 1997 .
The striatum is also a site of functional convergence. Although the corticostriatal projections are highly topographically organized, they partially overlap and interdigitate (Malach and Graybiel, 1986; Gerfen, 1989; Flaherty and Graybiel, 1991 Parthasarathy et al., 1992; Brown et al., 1998; Takada et al., 1998; Hoffer and Alloway, 2001) . Anatomical data suggests that corticostriatal projections from reciprocally connected cortical regions are more likely to have overlapping arborizations within the striatum (Yeterian and Van Hoesen, 1978; Pearson et al., 1983; Flaherty and Graybiel, 1993) . Furthermore, projections from functionally related, but distinct, cortical regions (primary motor and primary somatosensory cortices) have been shown to converge in the striatum (Flaherty and Graybiel, 1993; Hoffer and Alloway, 2001) . Electrophysiological analyses have shown striatal neurons to respond to both somatosensory and auditory stimuli in rats (Chudler et al., 1995) and to tactile, auditory, and visual stimuli in cats (Wilson et al., 1983b; Schneider, 1991) .
The main target of corticostriatal terminals are the spines of the GABAergic medium spiny projection neurons (Kemp and Powell, 1971b; Frotscher et al., 1981; Somogyi et al., 1981a; Dubé et al., 1988; Smith et al., 1994) and the cortical input shapes the activity of these neurons (Wilson et al., 1983a; Wilson, 1995; Wilson and Kawaguchi, 1996; Mahon et al., 2001) . The second major target of the cortical input to the striatum is the class of GABAergic interneuron (Lapper et al., 1992; Bennett and Bolam, 1994 ) that expresses the calcium-binding protein parvalbumin (PV) (Cowan et al., 1990; Kita et al., 1990) . The major target of these interneurons are the proximal regions of spiny projection neurons, and an individual interneuron may contact many hundreds of spiny neurons (Cowan et al., 1990; Kita et al., 1990; Kita, 1993; Bennett and Bolam, 1994) . It has been proposed that they provide a feedforward inhibitory control of spiny neurons (Pennartz and Kitai, 1991; Jaeger et al., 1994; Kita, 1996; Plenz and Kitai, 1998) and indeed, they generate inhibitory synaptic potentials that are able to delay, curb, or possibly synchronize, the generation of action potentials in spiny projection neurons (Koos and Tepper, 1999) .
In view of the critical position of PV-positive, GABAergic interneurons in the circuitry of the striatum and the fact that they are activated more easily and over a larger volume of striatum after cortical stimulation than are spiny neurons (Parthasarathy and Graybiel, 1997) , we chose to analyze the cortical input to these neurons. Thus, the aims were to determine whether cortical afferents from the primary motor cortex (M1) and primary somatosensory cortex (S1) converge on individual PV-positive interneurons and to provide insight into the pattern of innervation of these neurons by individual cortical axons.
MATERIALS AND METHODS
Surger y. The experiments were performed on adult female Wistar rats (200 -350 gm; Charles River, Margate, Kent, UK). Environmental conditions for housing of the rats and all procedures that were performed on them were in accordance with the Animals (Scientific Procedures) Act of 1986 and the policy on the use of animals issued by the Society for Figure 1 . Schematic representations (modified from Paxinos and Watson, 1997) of the sites of injection of PHAL in M1 (vertical hatching) and BDA in S1 (horizontal hatching) and the corresponding labeling in the thalamus in the three animals used in the electron microscopic analysis. The deposits of PHAL were confined to frontal cortex areas 1 and 3 with a slight encroachment in area 2. In each animal the thalamic labeling was confined to the ventrolateral nucleus of the thalamus. The BDA deposits were confined to parietal cortex, area 1, and labeling in the thalamus was confined to the lateral and medial aspects of the posterior nucleus. The figures denote the position in millimeters with respect to bregma (Paxinos and Watson, 1997) . VL, Ventrolateral nucleus of thalamus; VM, ventromedial nucleus of thalamus; VPL, lateral aspect of ventroposterior nucleus of thalamus; VPM, medial aspect of ventroposterior nucleus of thalamus.
Neuroscience. T welve rats were anesthetized by intraperitoneal injections of a mixture of fentanyl and fluanisone (0.135 mg /ml and 10 mg /ml, respectively; Hypnorm; Janssen-C ilag L td., High Wycombe, UK) and midazolam (5 mg /ml; Hypnovel; Roche Products L td., Welw yn Garden C ity, UK) (1:1:2 with sterile water: 2.7 ml / kg) and the head secured in a stereotaxic frame. The animals received unilateral deposits of Phaseolus vulgaris leucoagglutinin [PHAL; 2.5% in 0.1 M phosphate buffer (PB), pH 8.0; Vector Laboratories, Peterborough, UK] in the primary motor cortex and biotinylated dextran amine (BDA; 10% in 0.9% NaC l; Molecular Probes, Eugene, OR) in the primary somatosensory cortex. The anterograde tracers were delivered by iontophoresis via glass micropipettes of 7-50 m internal tip diameter using a pulsed (7 sec on /7 sec off) positive cathodal current (7-10 A) over 10 -15 min. Three deposits were made in each region. After a survival time of 5-8 d, the rats were deeply anesthetized with sodium pentobarbital (Sagatal, 200 mg / kg; Rhône Mérieux, Tallaght, Dublin) and perf used transcardially with 50 -100 ml of PBS (0.01 M, pH 7.4) followed by 300 ml of 0.1-0.2% glutaraldehyde and 3% paraformaldehyde in 0.1 M PB. Some animals were postperf used with ϳ100 ml of PBS.
Preparation of tissue for light microscopy. Coronal sections of the tracer injection sites, thalamus, and striatum were cut on a vibrating microtome at 70 m. Sections were incubated for 30 min in 0.3% Triton X-100 in PBS (PBST), washed in PBS, and then treated with 1% bovine serum albumin and 1% normal goat serum in PBS (PBS -BSA) for 2 hr at room temperature. The injected and transported BDA was revealed using the avidin -biotin -peroxidase complex method (ABC; 1:100 in PBST-BSA; Vector Laboratories) with 3,3Ј-diaminobenzidine (DAB; 25 mg /100 ml Tris buffer; Sigma, Dorset, UK ; 0.006% H 2 O 2 ) as the chromogen for the peroxidase reaction. To reveal the injected and transported PHAL, sections were incubated overnight in rabbit anti-PHAL (1:1000 in PBST-BSA; Vector Laboratories), treated with goat anti-rabbit IgG (1:200 in PBST-BSA; Dako, High Wycombe, UK) for 2 hr, followed by a 1 hr incubation in rabbit peroxidase -antiperoxidase (PAP) (1:100 in PBST-BSA; Dako), all at room temperature. The bound peroxidase was then revealed with DAB in the presence of nickel ions (nDAB). In some animals the BDA was revealed with nDAB and the PHAL with DAB. Parvalbumin-immunoreactive structures were revealed by incubation in mouse anti-PV (1:1000 in PBST-BSA; Swant, Bellinzona, Switzerland) for 24 -36 hr at 4°C followed by goat anti-mouse IgG (1:200 in PBST-BSA; Jackson ImmunoResearch, West Grove, PA) for 2 hr at room temperature and mouse PAP (1:100; Dako) with Vector SG as chromogen for the peroxidase reaction.
Preparation of tissue for electron microscopy. The striata of six animals were processed for electron microscopy. To increase the penetration of reagents, the sections were freeze-thawed in isopentane (BDH Chemicals, Poole, UK) cooled in liquid nitrogen up to three times. The sections were washed several times in PBS before the tracers and parvalbuminimmunoreactive structures were revealed. The method was as described Figure 2 . Schematic representations (modified from Paxinos and Watson, 1997) of the sites of injection of PHAL in primary motor cortex (M1) and BDA in the primary somatosensory cortex (S1), the corresponding labeling in the thalamus and the anterograde labeling in the striatum (caudateputamen; CPu). In each diagram the PHAL injection and the corresponding transport sites are indicated by vertical hatching, and the BDA injection and transport sites are indicated by horizontal hatching. The figures denote the position in millimeters with respect to bregma (Paxinos and Watson, 1997) .
3 Figure 3 . Light microscopy of convergence of motor and somatosensory afferents in the striatum: parvalbumin-immunostained perikarya (PV ) and axons anterogradely labeled with PHAL from M1 and axons anterogradely labeled with BDA from S1. In these cases the PHAL-containing motor cortical fibers were revealed using DAB as the chromogen for the peroxidase reaction giving a brown reaction product. The BDA-containing axons were labeled with nickel DAB as the chromogen giving the blue reaction product. These digital images and those in above with the omission of Triton X-100 from all solutions. The labeled sections of the striatum were postfixed in 1% osmium tetroxide (Oxkem), 5% ␤-D-glucose (BDH Chemicals) in 0.1 M PB at pH 7.4 for 60 -70 min. (Acsady et al., 1996) . The sections were dehydrated through a graded series of dilutions of acetone (with 1% uranyl acetate in the 70% solution) and infiltrated with resin overnight (Durcupan; Fluka Chemicals). They were then mounted in resin on glass microscope slides and polymerized at 60°C for 48 hr.
Anal ysis of material. All sections containing the sites of injection of the tracers were examined to ensure that they were correctly placed. The locations of the injection sites were also confirmed by analysis of sections of the thalamus for anterogradely and retrogradely labeled structures. Sections of the striatum from those animals in which the injections were correctly located were examined in the light microscope for the anterograde tracers and PV immunoreactivity. In some animals the anterograde labeling was plotted and recorded schematically. Particular attention was paid to regions of overlap of the two tracers. In these areas, PV-immunoreactive neuronal perikarya and emerging dendrites were examined at high magnification, and the positions of anterogradely labeled terminals closely apposed to them was noted. In some cases PV-positive neurons and individual cortical axons were drawn with the aid of a drawing tube and photographed digitally.
In a semiquantitative analysis, a single section of the striatum from three rats that were prepared for light microscopy (i.e., Triton X-100 included in the incubations) were analyzed at high magnification. The selected sections were those in which the region of overlap of the anterograde labeling from the two regions of the cortex was the most extensive. The location of each PV-positive perikaryon and emerging dendrites was noted. The proportion apposed by anterogradely labeled terminals derived from either region of the cortex was noted.
From the tissue that was processed for electron microscopy, eight PV-immunoreactive neurons (from four animals) whose cell bodies and /or dendrites were identified as being apposed by anterogradely labeled terminals from both regions of the cortex in the light microscope, were selected for f urther study. The cells were drawn and photographed at high magnification and examined by correlated light and electron microscopy. The coverslip overlying the tissue was removed using a razor blade. The area of interest was cut from the microscope slide and glued to the top of a blank cylinder of resin using cyanoacrylate glue. Serial ultrathin sections of 40 -60 nm thickness were cut on a Reichert-Jung Ultracut E ultramicrotome (Leica, Nussloch, Germany) and collected on Pioloform-coated single slot copper grids. The ultrathin sections were then contrasted with lead citrate for 2-3 min and examined in a Philips C M 10 electron microscope.
RESULTS

Light microscopic observations Appearance of the reaction products
The anterogradely labeled and immunolabeled structures were visualized with different chromogens for the peroxidase reactions that were distinguishable at the light microscopic level. Structures visualized with DAB as the chromogen for the peroxidase reaction were characterized by the presence of the typical reddish brown amorphous reaction product (see Fig. 3 ), and those visualized with nDAB contained the typical blue-black reaction product (see Fig. 3 ). Parvalbumin-immunoreactive structures were visualized using Vector SG as the chromogen and were characterized by the presence of a grayish blue reaction product that was less homogeneous that the DAB reaction products (see Fig. 3 ). The use of osmium tetroxide solution supplemented with glucose maintained color separation, at the light microscopic level, between different reaction products in the sections that were prepared for examination by both light and electron microscopy (Acsady et al., 1996) (see Figs. 5D, 6A,D) .
Injection sites
The location of the injection sites of the two anterograde tracers (PHAL and BDA) was confirmed by visualization of the tracers in the M1 and S1 cortices (Figs. 1, 2 ). In the majority of cases the deposits of the two tracers were clearly separated. They spanned most of the cortical laminas without inclusion of the underlying corpus callosum. In some cases there were retrogradely labeled neurons of S1 close to the M1 injection site. However, these retrogradely labeled neurons were clearly separate from the filled neurons at the injection site; they constituted only very few neurons and were thus unlikely to influence the findings.
The location of the injections was confirmed by the analysis of the coincidental anterograde and retrograde labeling of thalamic nuclei. The motor cortex is innervated by thalamocortical projections mainly from the ventromedial and ventrolateral thalamic nuclei and in turn sends projections back to these motor nuclei (Cicirata et al., 1986 (Cicirata et al., , 1990 . The somatosensory cortex is reciprocally connected to the ventrobasal nuclei, the intralaminal nucleus centralis lateralis, and the medial portion of the posterior thalamic group (Price and Webster, 1972; Nothias et al., 1988; Bourassa and Deschenes, 1995) . In four of the six animals prepared for electron microscopy the labeling of thalamic nuclei was distinct for both the injection sites, and cells from these animals were studied at the ultrastructural level. In the remaining two animals there was clearly an overlap of the two injection sites in the different cortical territories as indicated by the thalamic labeling, these animals, and those prepared for light microscopy in which overlap of injections occurred, were excluded from the analysis.
Distribution of anterograde labeling
The deposits of PHAL and BDA in the M1 and S1 cortices, respectively, led to intense labeling of corticostriatal projections that were topographically organized and largely consistent with previous observations. The corticostriatal axons were collected in the fascicles of axon bundles traversing the striatum, and axonal arbors were primarily located around the fiber fascicles. The typical pattern of innervation of the striatum from M1 is illustrated in Figure 2 . Anterogradely labeled fibers occurred in a band of striatum extending from ϳ1.6 mm rostral of bregma to ϳ1.3 mm caudal of it. Anterograde labeling from S1 occurred in a band in the lateral aspects of the striatum extending from ϳ1.2 mm rostral of bregma to ϳ2.3 mm caudal. The band extended over a large part of the striatum in the dorsoventral plane and, at its maximum extent, occupied approximately one-third of the striatum in the mediolateral plane (Fig. 2) .
A large part of the more lateral and caudal aspects of the projection from M1 overlapped with the projection from S1. In these regions the two sets of anterogradely labeled terminals were intermixed to such an extent that axonal varicosities derived from . Synaptic convergence of motor and somatosensory cortical afferents onto a parvalbumin-positive, GABAergic interneuron in the striatum: correlated light and electron microscopy. A, Light micrograph of a parvalbumin-immunostained neuron (PV) labeled using Vector SG as the substrate for the peroxidase reaction. The neuron was located in a region containing fibers anterogradely labeled with PHAL from the motor cortex (PHAL, nDAB as chromogen; blue fiber indicated by small arrows on the left) and with BDA from the somatosensory cortex (BDA, DAB as chromogen; brown fiber indicated by small arrows on the right). The axon from the somatosensory cortex gives rise to several varicosities, one of which closely apposes the perikaryon (BDA, large arrow). The capillary ( c) is labeled as a landmark between the light and electron microscopic levels. B, Low-power electron micrograph of part of the same perikaryon and the BDA-labeled, somatosensory cortical bouton closely apposed to it (BDA, arrow). C, High-power electron micrograph of the BDA-labeled bouton from the somatosensory cortex. The labeled terminal forms an asymmetrical synaptic contact (arrowhead) with the parvalbumin-immunolabeled neuron. D, Digital light micrograph of the same parvalbumin-immunolabeled neuron (PV ) at a deeper focal depth. At this level the neuron is apposed by a PHAL-positive bouton (PHAL, arrow) derived from the motor cortex. E, Low-power electron micrograph at about the same level as in D. The perikaryon, part of a dendrite, and the PHAL-labeled bouton (Figure legend continues.) the different cortical territories were often observed in close proximity (Figs. 3, 4 B, 5A,D, 6 A,D) .
Parvalbumin-positive GABAergic interneurons
Parvalbumin-positive interneurons were identified by the gray reaction product formed by the Vector SG. Perikarya and proximal dendrites, as well as isolated dendrites, were labeled. Their morphology and distribution were consistent with previous studies (Cowan et al., 1990; Kita et al., 1990; Bennett and Bolam, 1994) . The labeled neurons had medium-sized cell bodies, which were oval, or fusiform in shape. In some cases, indentations of the nuclear membrane were visible. Labeled primary dendrites branched close to the cell body and the secondary dendrites were generally smooth but sometimes gave rise to varicosities (Figs. 3,  4) . Higher order dendrites were usually not labeled. The heaviest labeling of PV-positive structures was in the dorsolateral aspect of the striatum. Although the striatum is known to possess a dense network of PV-positive local axons and axonal boutons, PVpositive axonal fields were usually not labeled in the present study. This may reflect the sensitivity of the chromogen used and the fact that the immunostaining for PV was performed last.
Light microscopic analysis of convergence of cortical terminals on PV-positive neurons
Parvalbumin-positive neuronal perikarya and dendrites were intermingled among axons and axonal boutons anterogradely labeled from both M1 and S1 cortices (Fig. 3) . The PV-positive structures were often closely apposed by the anterogradely labeled boutons, consistent with previous observations of cortical input to this class of neuron (Lapper et al., 1992; Bennett and Bolam, 1994) . In many cases, an individual PV-positive neuronal perikaryon or isolated dendrite was closely apposed by terminals anterogradely labeled from M1 and terminals anterogradely labeled from S1 (Fig. 3) . Examination of all PV-positive perikarya and emerging dendrites (but not isolated dendrites) in single sections at the level of the greatest extent of overlap of the two projections, revealed that up to 51% (range, 35.4 -50.9) of PVpositive neurons were apposed by terminals derived from the cortex. Up to 46% (range, 24.7-46.2) of those that were apposed by cortical terminals were apposed by terminals derived from both cortical regions, which represents up to 23% (range, 8.8 -23 .5) of all PV-positive neurons in the single sections. In addition, single axons anterogradely labeled from either M1 or S1 were frequently found to form multiple appositions with individual PV-positive interneurons within a few microns (Fig. 4) . They commonly gave rise to two or three boutons apposed to an individual PV-positive neuron, although as many as six were observed (Fig. 4) .
Electron microscopic observations
To confirm that the appositions observed in the light microscopic analysis were indeed synapses, PV-positive neurons were examined by electron microscopy. Correlated light and electron microscopy was performed because the extent and quality of immunohistochemical and histochemical staining is reduced in material prepared for electron microscopy. A total of eight PVpositive neurons (two from each of the four rats) that were apposed by terminals from both M1 and S1 were selected at the light microscopic level for study in the electron microscope.
In the electron microscope the cell bodies and dendrites of the labeled PV-positive structures contained an amorphous, electrondense reaction product similar to that previously reported for Vector SG (Hussain et al., 1996; Hanley and Bolam, 1997) . Ultrastructural features of the PV-immunoreactive structures were consistent with previous descriptions (Kita et al., 1990; Lapper et al., 1992; Bennett and Bolam, 1994) . They possessed a relatively large volume of cytoplasm that was rich in organelles such as mitochondria, ribosomes, and Golgi apparatus (Figs. 5B,C,E,F, 6B,C,E,F ). The nuclear membrane possessed indentations (Figs. 5E, 6E) , and intranuclear inclusions were often observed (Fig. 5E ). Anterogradely labeled axon terminals were identified by the presence of reaction product as well as by their position in relation to landmarks such as blood vessels, unstained neurons, and glial cells (Figs. 5B,C ,E,F, 6B,C,E,F ). Axons and terminals that were visualized using nDAB were more intensely stained than DAB-labeled structures (compare Figs. 5C,F, 6C,F ). Consistent with previous studies (Kemp and Powell, 1971a; Somogyi et al., 1981a; Dubé et al., 1988; Smith et al., 1994; Hersch et al., 1995) the anterogradely labeled corticostriatal boutons were packed with round vesicles and usually contained one or more mitochondria (Figs. 5C,F, 6C,F ) . They formed asymmetric synapses with dendritic spines and with dendritic shafts. The terminals were variable in size, and some of the larger boutons were similar in morphology to the boutons of the "discrete" corticostriatal projection from the barrel cortex (Wright et al., 1999) . The correlated light and electron microscopy revealed that they also formed asymmetric synapses on the cell body and proximal dendrites of PV-positive interneurons (Figs. 5, 6 ). Of the eight cells studied, five of them (from three rats) were found to receive convergent synaptic input from both the M1 and S1 cortices (Figs. 5, 6 ). In one of the neurons that received the convergent input, three synapses from the motor cortex arose from a single axon.
Of the three neurons that were examined by correlated light and electron microscopy and failed to reveal convergent input from the cortex, two were abandoned because of poor ultrastructural preservation. In only one case was a labeled bouton identified at the light microscopic level found not to make contact with the PV-positive neuron; the bouton, anterogradely labeled from S1, made synaptic contact with an adjacent, unstained dendritic spine (data not shown).
In addition to the labeled boutons identified at both the light and electron microscopic levels, additional labeled boutons were observed in contact with the PV-positive neurons. These boutons (n ϭ 6) had the morphology of corticostriatal boutons and formed asymmetric synapses, and they were usually found below the PVlabeled cell bodies. In addition to these, many unlabelled boutons formed asymmetric synaptic contacts with PV-immunolabeled cell bodies and dendrites. . Synaptic convergence of motor and somatosensory cortical afferents onto a parvalbumin-immunolabeled, GABAergic interneuron in the striatum: correlated light and electron microscopy. A, Light micrograph of a parvalbumin-positive neuron (PV; Vector SG as chromogen for the peroxidase reaction) that is closely apposed by a BDA-positive bouton (BDA, arrow) that was anterogradely labeled from the somatosensory cortex (DAB as chromogen for the peroxidase reaction, brown reaction product). Note the additional axon anterogradely labeled from the somatosensory cortex in the top right of the micrograph (small arrows). An unstained neuron ( n) and a capillary ( c) are labeled for correlation (Figure legend continues.) 
DISCUSSION
Synaptic convergence in the striatum
The primary objective of the present study was to determine whether synaptic convergence of somatosensory and motor corticostriatal projections occurs at the level of single interneurons in the areas of overlap of these projections. The main finding is that somatosensory and motor corticostriatal afferents do indeed form convergent synapses with individual PV-positive striatal interneurons, indicating that one aspect of sensory-motor integration performed by the basal ganglia occurs at the level of single cells in the striatum.
The major targets of corticostriatal axons are the dendritic spines of spiny projection neurons and the dendritic shafts of PV-positive, GABAergic interneurons (Kemp and Powell, 1971a; Somogyi et al., 1981a; Lapper et al., 1992; Bennett and Bolam, 1994) . Our analysis was confined to the latter class of neuron and light microscopy revealed that the dendrites and perikarya of PV-positive, GABAergic interneurons were apposed by terminals derived from both the primary motor and somatosensory cortices. The analysis of sections at the level of the densest overlap of the two projections revealed that this was a common phenomenon, because up to a half of PV-positive neurons that were apposed by terminals derived from the cortex had convergent appositions from both regions of the cortex. This value is likely to be an underestimate of the true incidence of convergence as numerous isolated PV-positive dendrites were apposed by both sets of terminals and at least some of these may have arisen from the PV-positive perikarya and proximal dendrites that were not found to be apposed by both sets of cortical terminals. Furthermore, the entire projection from the areas of cortex that received the deposits of the tracers is unlikely to have been labeled, nor is the entire dendritic arbor of a PV-positive neuron likely to be immunolabeled.
To confirm that the convergent appositions that we observed at the light microscopic level were indeed synaptic connections, analysis was performed at the electron microscopic level. Because of the lower frequency of convergent appositions observed at the light microscopic level in material prepared for electron microscopy and because of the difficulty in distinguishing DAB and nickel DAB reaction products at the electron microscopic level, we performed the analysis by correlated light and electron microscopy. This analysis revealed that indeed, the PV-positive interneurons receive convergent synaptic input from both the primary motor and sensory cortices. The cortical terminals formed asymmetric synapses with the dendritic shafts and perikarya of the PV-positive neurons. Of the six neurons analyzed in detail at the electron microscopic level, in only one case did the apposing bouton identified at the light microscopic level not form synaptic contact with the PV-positive neuron. The identification of synaptic convergence in five of the six cases implies that the light microscopic analysis closely reflects the incidence of synaptic connections and that the phenomenon of convergence of motor and somatosensory inputs to PV-positive, GABAergic interneurons is a common event.
These findings imply that PV-positive, GABAergic interneurons play a role in sensorimotor integration in the striatum. Although their precise role remains undetermined, it is likely that the sensory and motor information integrated by PV-positive, GABAergic interneurons is transmitted to spiny projection neurons in such a form as to control the output of a selected group of spiny neurons by shunting cortical excitation and/or by synchronization of their activity (Plenz and Kitai, 1998; Koos and Tepper, 1999) .
Because spiny projection neurons are the major target of the corticostriatal projection, there are additional possibilities for the synaptic convergence of corticostriatal afferents. It remains to be established whether the input from the two regions of the cortex is targeted at distinct populations of spiny neurons projecting to the same or different regions or whether they converge on the same spiny projection neurons. Similarly, synaptic convergence may occur on other classes of interneurons.
Pattern of cortical innervation of PV-positive interneurons
An additional observation that was made in the present study has a bearing on the principles of organization of the corticostriatal projections. At the light microscopic level, single axons from M1 or S1 were often seen to form multiple appositions (up to six were observed) within a small distance on a single PV-positive interneuron. In one case it was confirmed by electron microscopy that the closely spaced multiple appositions do form synaptic contacts. It has been calculated that a single cortical axon will form ϳ40 synapses within the volume of striatum occupied by a single spiny neuron. Because that same volume of striatum will contain 2845 spiny neurons (each of which receive ϳ5000 cortical synapses), the probability of an individual cortical axon contacting a spiny neuron is low (Kincaid et al., 1998) . The same volume of striatum will contain ϳ18 PV-positive neurons, based on the estimate of 16,875 PV-positive neurons (Luk and Sadikot, 2001 ) and 2.72 million spiny neurons (Oorschot, 1996) in the striatum and assuming an even distribution (which may in fact not be the case: see Cowan et al., 1990; Kita et al., 1990) . If cortical axons innervate striatal neurons in a nonselective way, then the probability of a cortical axon contacting a PV-positive neuron is very low, and the probability of it forming more than one contact is even lower (Kincaid et al., 1998; Zheng and Wilson, 2002) . However, we commonly observed multiple appositions in contact with an individual PV-positive neuron and thus, cortical axons must, in some way, show selectivity for the PV-positive neurons. Given that the same volume of striatum contains 381,180 cortical axons (Kincaid et al., 1998; Zheng and Wilson, 2002) , those axons that form multiple contacts with the 18 PV-positive neurons must, therefore, be a subpopulation. It remains to be established which of the several classes of cortical neurons that innervate the stria-4 (Figure legend continued.) between the light and electron microscopic levels. B, Low-power electron micrograph of the same neuron and the bouton anterogradely labeled with BDA from the somatosensory cortex. C, High-power electron micrograph of the PHAL-labeled bouton forming an asymmetric synapse (arrowhead) with the parvalbumin-positive neuron. D, The same neuron at a deeper focal depth. The proximal dendrite of the neuron is apposed by two boutons (b1 and b2), derived from two axons that were anterogradely labeled with PHAL from the motor cortex. E, Low-power electron micrograph at about the same level, of the perikaryon and dendrite and the two PHAL-labeled boutons from the motor cortex. The unstained neuron ( n) and capillary ( c) are labeled for correlation between the light and electron microscopic levels. F, High-power electron micrograph of the two PHAL-positive boutons derived from the motor cortex, forming asymmetric synapses (arrowheads) with the proximal dendrite of the parvalbuminpositive, GABAergic interneuron. Scale bars: A, D, 12.5 m; B, E, 5 m; E, F, 0.5 m.
tum provides this selective innervation (Gerfen and Wilson, 1996; Kincaid and Wilson, 1996) .
From the light microscopic analysis it was apparent that an individual cortical axon that was apposed to a PV-positive structure also gave rise to boutons not apposed to PV-positive structures. This implies that individual cortical axons contact both PV-positive interneurons and spiny neurons and/or other classes of interneurons. An intriguing possibility is that the PV-positive, GABAergic interneurons and the population of spiny neurons contacted by the same cortical axons are bound together by the axon collaterals of the interneuron, thereby forming some type of modular arrangement. It should be noted, however, that the influence of GABAergic interneurons is likely to extend beyond their axonal field because they are interconnected by dendritic gap junctions (Kita et al., 1990; Kita, 1993; Koos and Tepper, 1999) .
Together with differences in intrinsic membrane properties (Kawaguchi, 1993; Plenz and Kitai, 1998; Koos and Tepper, 1999) , the finding that PV-positive interneurons receive multiple contacts from a single axon also suggests that they may be activated by a weaker and/or less synchronized cortical input than is required to activate a striatal projection neuron (Wilson, 1995; Stern et al., 1997; Charpier et al., 1999) . Thus, GABAergic interneurons are likely to be more responsive to cortical inputs than spiny neurons. This suggestion is consistent with the studies of Parthasarathy and Graybiel (1997) , who showed that weak cortical stimulation was unable to activate a large number of projection neurons but was able to induce immediate early gene expression in PV-positive interneurons. It may be that although many corticostriatal neurons need to fire synchronously to evoke activity in spiny projection neurons (Wilson, 1995; Stern et al., 1997; Charpier et al., 1999) , input from fewer corticostriatal neurons, albeit from different cortical regions, is needed to activate PV-positive interneurons. Thus, PV interneurons may shunt coincident cortical activity in suboptimally excited striatal spiny cells (Parthasarathy and Graybiel, 1997; Plenz and Kitai, 1998; Koos and Tepper, 1999) . Only when cortical input to the spiny neurons is sufficiently large will the shunting be overcome and the selected population of spiny neurons be allowed to reach firing threshold.
The overlapping corticostriatal projections from primary motor and somatosensory cortices do not remain segregated at the single cell level of the striatum, but rather, give rise to convergent synapses on individual PV-positive GABAergic interneurons. Thus, one mechanism by which the basal ganglia integrates sensory and motor information is through convergent cortical inputs to GABAergic interneurons which, in turn, transmit this integrated information to spiny projection neurons to shunt excitatory inputs to these cells or synchronizes their activity.
